Introduction
============

With the in-depth understanding of ultrasound contrast agents (UCAs) and the development of material science, the outer shell of UCAs can be constructed of materials such as lipid components, denatured albumin (ALB), and polymers based on different needs.[@b1-ijn-11-3939] Of all, the lipid outer shell is the most classic and most appropriate component of diagnostic contrast agents, due to the common features of excellent elasticity, easy modification of lipid molecules, and non-toxicity to humans.[@b2-ijn-11-3939] Based on these traits, groups in lipid molecules are easily linked with ligands specific to molecules of interest, such as compounds with small molecular weight and antibodies. In this way, outer shell components of targeted lipid UCAs were fabricated, which is also a key part in ultrasound molecular imaging.[@b3-ijn-11-3939] However, current studies about ultrasound molecular imaging are mainly applied in targeted ultrasound diagnosis of thrombosis, inflammation, and tumors.[@b4-ijn-11-3939]--[@b7-ijn-11-3939] The newly emerging lipid ultrasound nanobubble (NB) is a UCA with a particle size smaller than 1,000 nm, which can overcome the limitations of traditional ultrasound microbubbles exclusively in blood vessels.[@b8-ijn-11-3939] Nano-scale UCAs in tumor tissues can utilize the permeability and retention effects of tumors, such as larger endothelial gaps, lack of a basement membrane, and poor lymph drainage in tumors, to enter extravascular spaces to achieve imaging of tumor parenchyma.[@b9-ijn-11-3939],[@b10-ijn-11-3939]

PSMA is a membrane protein specifically expressed by prostate cancer cells. Its expression has a positive correlation with lethality, for example, it is highly expressed in metastatic prostate cancer and androgen-independent prostate cancer.[@b11-ijn-11-3939] Many ligands against PSMA have been developed, such as monoclonal antibodies, engineered antibodies, and small-sized substances including nanobodies in our previous studies.[@b12-ijn-11-3939],[@b13-ijn-11-3939] The aptamer is a nucleotide or deoxynucleotide sequence that can bind to other substances. Of all, RNA aptamers composed of nucleotides have advantages of diverse structures and strong specificity. Moreover, fluorinated aptamers can resist nucleases in the human body and be easily linked with therapeutic gene fragments. Therefore, aptamers have been applied extensively in studies on molecular imaging and gene therapy.[@b14-ijn-11-3939]--[@b18-ijn-11-3939] Simultaneously, the aptamer as an element of the targeted probe can avoid immunogenicity and its high purity can also guarantee its non-toxicity and safety compared with other ligands.[@b19-ijn-11-3939]--[@b21-ijn-11-3939] Early aptamers including A10 and A9 were screened from the synthesized RNA aptamer library, and can both effectively bind to PSMA.[@b22-ijn-11-3939],[@b23-ijn-11-3939] However, they both consist of 79 nucleotides, which leads to a very high molecular weight and severely restricts their role as targeting molecules. Researchers have continued to shorten their sequences in their subsequent experiments and the A10-3 aptamer molecule with only 59 nucleotides was developed. A10-3 was further shortened to obtain the A10-3.2 aptamer with only 37 nucleotides. Its molecular weight was significantly reduced, but it still has very good binding affinity to PSMA.[@b24-ijn-11-3939],[@b25-ijn-11-3939]

On the basis of previous studies on NBs carrying anti-PSMA monoclonal antibodies and nanobodies, this study aimed to couple the A10-3.2 aptamer as a ligand with lipid NBs and to study its imaging effect in prostate cancer. The purpose was not only to provide ultrasound molecular probes with better safety, small particle size, strong penetration and specificity for prostate cancer, but also to provide methods for relevant studies on targeted ultrasound NBs carrying aptamers.

Materials and methods
=====================

Preparation of NBs
------------------

The lipid components, including 2-dipalmitoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids, Alabaster, AL, USA), 1,2-dipalmitoyl-sn-glycero-3-phosphatidic acid (Corden Pharma, Liestal, Switzerland), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (Corden Pharma), 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (Corden Pharma), polyethyleneglycol-2000 (PEG-2000) and carboxyl-modified 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-PEG2000-COOH; NANOCS, Boston, MA, USA), were dissolved at a certain ratio in a hydration solution containing glycerin:phosphate-buffered saline (PBS) at 1:9 (v/v) and incubated overnight on a horizontal shaker at 37°C. The solution was transferred to a penicillin bottle the next day, and the air in the head of the penicillin bottle was replaced with perfluoropropane (C~3~F~8~) (Research Institute of Physical and Chemical Engineering of Nuclear Industry, Tianjin, People's Republic of China). The bottle was shaken using the horizontal reciprocating mechanical oscillation method with an operating frequency greater than 4,500 rpm for 80 seconds using an ST-B series amalgamator (AT&M Biomaterials Co., Beijing, People's Republic of China). The obtained suspension was sequentially centrifuged at 300× *g* and 300 rpm for 3 minutes each to discard the lipid materials that were not encapsulated into NBs and microbubbles in the upper layer. During the preparation of NBs carrying DiI dye (Beyotime Institute of Biotechnology, Shanghai, People's Republic of China), a certain amount of DiI staining material was added into the hydration solution. The other steps were the same as the preparation of NBs.

Construction of in vitro cell culture and tumor xenograft animal models
-----------------------------------------------------------------------

PC-3 prostate cancer cells from the American Type Culture Collection (ATCC, Manassas, VA, USA) and C4-2 prostate cancer cells from ViroMed Laboratories at Johns Hopkins were cultured in RPMI 1640 culture medium supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin in a 5% CO~2~ and 37°C incubator. During subcutaneous implantation of animal xenograft tumors, 200 µL of tumor cells at the logarithmic growth period at the concentration of 2.5×10^7^/mL and 200 µL of BD Matrigel (BD Biosciences, San Jose, CA, USA) were mixed and subcutaneously injected into 4--5-week-old BALB/c-nu nude mice (HFK Bioscience Co., Beijing, People's Republic of China). Animals were continuously housed in a clean environment. Animal experiments involved in this study were all approved by the Animal Ethics Committee of the Third Military Medical University, and performed in accordance with the International Guiding Principles for Biomedical Research involving Animals-1985.

Imaging and penetration ability of NBs in nude mice
---------------------------------------------------

After mice were anesthetized and immobilized, the 50 mm broadband array probe L12-5 was used in the iu22 ultrasound diagnosis apparatus (Royal Dutch Philips Electronics Ltd., Amsterdam, the Netherlands). The abdominal blood flow condition of mice was observed under color Doppler blood flow imaging (CDFI). Next, 2×10^6^ NBs from the above procedure were injected through the retro-orbital venous sinus. After observing contrast-enhanced ultrasound (CEUS) of abdominal organs, CDFI was performed again to observe abdominal blood flow in the same mice.

Two million NBs encapsulated with DiI dye were injected into nude mice bearing a PC-3 prostate cancer xenograft, and real-time CEUS acquisition was performed in the tumor regions. After the imaging effect was stabilized, normal saline was applied for perfusion through the left ventricle of nude mice to empty ultrasound NBs into blood vessels. Next, xenograft tumor tissues and heart tissues were isolated for frozen sections. Some sections were used for hematoxylin-eosin (HE) staining to observe the distribution of NBs under a light microscope, and others were stained with 4′,6-diamidino-2-phenylindole to stain cell nuclei, and then used to observe the distribution of DiI NBs under a Zeiss 780 laser scanning confocal microscope (LSCM) (Carl Zeiss Meditec AG, Jena, Germany).

Synthesis and the specificity of the A10-3.2 aptamer
----------------------------------------------------

The A10-3.2 aptamer against PSMA and the aptamer modified with infrared dye Cy5.5 at the 5′ terminus, 5′-Cy5.5-GGGAGGACGAUGCGGAUCAGCCAUGUUUACGUCACUCCU-spacer-NH2-3′ with 2′-fluoro pyrimidines (RiboBio Co. Ltd, Guangzhou, People's Republic of China), were chemically synthesized.[@b25-ijn-11-3939] The co-localization of anti-PMSA monoclonal antibodies (Abcam, Cambridge, MA, USA) and Cy5.5-labeled aptamer molecules in C4-2 cells and PC-3 cells was detected under the LSCM. In addition, Cy5.5-labeled aptamer molecules were incubated with C4-2 cells or PC-3 cells at 4°C for 30 minutes. After several washes with PBS, single-cell fluorescence detection was performed using a FACSCalibur flow cytometer (BD Biosciences) to measure the binding capacity between A10-3.2 aptamer and two types of cells.

Preparation and validation of targeted NBs
------------------------------------------

On the basis of obtaining the above NBs containing the DSPE-PEG2000-COOH lipid molecule, 0.4 M 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC; Solarbio, Beijing, People's Republic of China) and 0.1 M N-hydroxysuccinimide (NHS; Solarbio) were added at the ratio of 1:1 (v/v) and reacted for 15 minutes on a shaker. The synthesized A10-3.2 aptamer mole cules at 10 mM were then added, and the reaction was carried out at room temperature for 30 minutes. After the coupling reaction was finished, the blocking solution was added, and targeted NBs were obtained using the centrifugal flotation method. The NBs without the addition of EDC and NHS for reaction were used as non-targeted NBs. Next, non-targeted NBs and targeted NBs were burst under the condition of 1 W/cm^2^ ultrasonic power. The A10-3.2 aptamer molecules and the resulting components from both non-targeted and targeted NBs were used as three samples and subjected to 3% agarose electrophoresis to observe their band locations. In addition, the Cy5.5-labeled aptamers were constructed onto the surface of NBs using the same method. The conditions of fluorescence carried by these two types of NBs were observed and compared under an LSCM to determine again whether targeted NBs were successfully constructed.

A Malvern Zetasizer Nano ZS90 detector (Malvern Instruments, Malvern, UK) was used to measure the particle size and the dispersion degree of non-targeted NBs and targeted NBs according to the principle of dynamic light scattering. The signal intensity under CEUS (mechanic index of 0.12) of non-targeted NBs and targeted NBs at four different concentrations (1.0×10^8^/mL, 5.0×10^7^/mL, 2.5×10^7^/mL, and 5.0×10^6^/mL) was compared in an in vitro agarose model. In addition, red blood cells from Sprague Dawley rats were collected, and then targeted NBs at three different concentrations (1.0×10^7^/mL, 5.0×10^7^/mL, and 1.0×10^8^/mL) were added into red blood cells at the 2% volume fraction and co-incubated for 30 minutes. The hemolysis condition was observed under naked eyes and a light microscope using double-distilled water as the positive control and normal saline as the negative control.

Validation of the targeting capacity of NBs in vitro at the cell level
----------------------------------------------------------------------

After coverslips (1×1 cm) were placed in a 24-well plate, C4-2 or PC-3 cells at the logarithmic growth phase were added. Then cells were fixed in 4% paraformaldehyde and blocked in phosphate buffer with 3% bovine serum albumin after overnight incubation. These two types of cells were incubated with targeted NBs or non-targeted NBs at 4°C for 1 hour. After washing with PBS, the binding between NBs and cells was observed under a light microscope. In addition, the Cy5.5-labeled targeted NBs prepared previously were incubated with either C4-2 cells or PC-3 cells on ice for 1 hour. After washing with PBS, the binding efficiencies between these two types of cells and targeted NBs were detected using a flow cytometer.

Ultrasound imaging and fluorescence imaging of live small animals in tumor-bearing mice
---------------------------------------------------------------------------------------

When the volume of the subcutaneous tumor in tumor-bearing nude mice reached approximately 1 cm^3^, five C4-2 tumor-bearing mice and five PC-3 tumor-bearing nude mice were randomly collected and were anesthetized by intraperitoneal injection of 1% pentobarbital sodium. After the superficial probe L12-5 under the B-type ultrasound in the iu22 ultrasound diagnosis apparatus was used to search for the maximum section of xenograft tumors, the probe was then fixed. Next, the imaging mode was switched to "contrast/tissue" hybrid imaging under CEUS mode of the superficial organ. The mechanic index was adjusted to 0.12, and the focus center was located at the center of the xenograft tumor. Real-time collection was initiated before injection. Injection of 200 µL of targeted NBs or non-targeted NBs at the concentration of 5×10^7^/mL (the total amount of injected NBs was 1×10^7^/mL) was performed in the same nude mouse through the retro-orbital venous sinus. The interval between completion of ultrasound imaging of one type of NB and the initial injection of another type of NB was longer than half an hour. During this period, the built-in manual flash technology in the apparatus was used to destruct residual NBs in the body to ensure that the imaging effects of these two types of NBs would not interfere with each other. The time-intensity curve of the sectional area of the xenograft tumor was acquired using QLab8.1 offline software (Philips, Amsterdam, the Netherlands). The four ultrasound indicators (including peak time, peak intensity, half time, and area under the curve of ½ peak intensity) were extracted to compare imaging conditions of targeted NBs and non-targeted NBs in PSMA-positive C4-2 and PMSA-negative PC-3 xenograft tumors.

Cy5.5-labeled targeted NBs (1×10^8^) were injected into the above two different types of tumor-bearing nude mice. The changes in fluorescence intensity in PC-3 xenograft tumors and C4-2 xenograft tumors at different time points (0 seconds, 5 seconds, 10 seconds, 30 seconds, 60 seconds, and 300 seconds) were acquired using the surface reflection fluorescence imaging in the IVIS Spectrum in vivo imaging system (PerkinElmer Inc., Waltham, MA, USA).

Detection of PSMA expression in xenograft tumors
------------------------------------------------

PC-3 and C4-2 xenograft tissues were collected, fixed in paraformaldehyde, embedded in paraffin, and sectioned using a microtome. The immunohistochemistry procedure for tissue sections was then performed. After deparaffinization, sections were blocked in 3% H~2~O~2~ for at least 10 minutes. Antigen retrieval was performed in citric acid at high temperature and high pressure. Sections were incubated with a rabbit anti-human PSMA monoclonal antibody (Abcam) (1:400 dilution) at 4°C overnight. Next, sections were incubated with a horseradish peroxidase-labeled goat anti-rabbit secondary antibody (Beyotime Institute of Biotechnology) at room temperature for 1 hour. In all the procedures, sections were washed with PBS after each step. Finally, the results were developed with the DAB reagent, and cell nuclei were counterstained using hematoxylin. Sections were mounted using neutral balsam and observed under a light microscope.

Statistical analysis
--------------------

Histograms were generated using GraphPad Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA). Statistical analysis was performed using SPSS 22.0 (IBM Corporation, Armonk, NY, USA). The in vitro imaging effects of targeted NBs and non-targeted NBs were compared using the non-parametric Mann--Whitney *U*-test. The four ultrasound imaging indicators of the two NBs are presented as the mean ± standard deviation. All ultrasound parameters were compared and analyzed using the paired-sample Student's *t*-test. *P*\<0.05 indicated statistical significance.

Results
=======

CDFI and permeability of NBs in mice
------------------------------------

A total of 5×10^6^ NBs were injected through the retro-orbital venous sinus, and abdominal CDFI in nude mice was acquired before and after NB injection ([Figure 1](#f1-ijn-11-3939){ref-type="fig"}). With the conventional B-type ultrasound, the liver and kidney structures of nude mice could be delineated; however, large blood vessels in the abdomen were not clear. The CDFI showed that ultrasound imaging clearly displayed the liver, kidney, and large blood vessels in the abdomen; however, small blood vessels with lower flow rates were not clear. Through the injection of NBs, CDFI clearly displayed the perfusion of blood in the kidney and the morphology of small blood vessels. In addition, blood vessel branches in the kidney, abdominal aorta, inferior vena cava, and iliac artery and vein branches were well delineated.

NBs encapsulated with DiI dye in blood vessels were then emptied through perfusion of normal saline in the left ventricle, and the distribution of NBs was observed in frozen sections of PC-3 xenograft tissues ([Figure 2](#f2-ijn-11-3939){ref-type="fig"}). In the HE-stained frozen sections, there were no NBs in myocardial tissues ([Figure 2A](#f2-ijn-11-3939){ref-type="fig"}), while tumor parenchymal cells were surrounded with many NBs ([Figure 2B](#f2-ijn-11-3939){ref-type="fig"}). LSCM showed that myocardial tissue spaces did not have DiI-labeled NBs ([Figure 3A--C](#f3-ijn-11-3939){ref-type="fig"}), while DiI-labeled NBs existed in tumor tissue spaces ([Figure 3D--F](#f3-ijn-11-3939){ref-type="fig"}). The above results all confirmed that NBs could enter tissue spaces through vascular endothelial gaps in tumors.

Validation of specificity of aptamers
-------------------------------------

Two techniques, including immunocytochemistry and flow cytometry, both confirmed that chemically synthesized A10-3.2 aptamer could specifically bind to positive PSMA-expressing cells. In C4-2 cells, the anti-PSMA monoclonal antibody and Cy5.5-labeled A10-3.2 aptamer co-localized on the cell membrane of C4-2 cells ([Figure 4A--D](#f4-ijn-11-3939){ref-type="fig"}). Meanwhile, flow cytometry indicated that the number of labeled C4-2 cells was 80.37%±3.90% after co-incubation with aptamer molecules ([Figure 4E](#f4-ijn-11-3939){ref-type="fig"}). In contrast, PC-3 cells did not bind with anti-PSMA monoclonal antibody or A10-3.2 aptamer ([Figure 4F--I](#f4-ijn-11-3939){ref-type="fig"}), and the number of labeled PC-3 cells was only 0.21%±0.13% through flow cytometry ([Figure 4J](#f4-ijn-11-3939){ref-type="fig"}).

Identification and characteristics of targeted NBs
--------------------------------------------------

The key for preparation of targeted NBs is to determine whether NBs carry A10-3.2 aptamer molecules. Aptamer molecules and two lipid materials obtained from burst non-targeted NBs and targeted NBs were loaded for electrophoresis. The results showed that the location of targeted NB components was different from that of aptamer molecules, while there was no obvious band of non-targeted NBs. This result was consistent with our prediction, indicating that aptamer molecules had already coupled to lipid materials, and the band location of outer shell materials from targeted NBs had been changed ([Figure 5A](#f5-ijn-11-3939){ref-type="fig"}). In addition, observation under LSCM showed that the outer shells of targeted NBs contained the red fluorescence of Cy5.5 used for labeling the A10-3.2 aptamer molecules ([Figure 5B and C](#f5-ijn-11-3939){ref-type="fig"}), while the surface of non-targeted NBs without adding EDC and NHS did not carry the Cy5.5-modified A10-3.2 aptamer. These two methods both confirmed that the amide reaction could construct aptamer molecules onto the surface of NBs.

The particle sizes of NBs were measured with the Malvern instrument. The particle size of non-targeted NBs was 519.4±74.6 nm, and the polydispersity index was 0.105. The particle size of targeted NBs was 576.6±40.2 nm, and the polydispersity index was 0.180. They were evenly distributed under a light microscope and displayed the typical shell--core structure. Their imaging conditions at different concentrations under CEUS mode were observed in in vitro agarose models. The results showed that the imaging signals of two NBs at the same concentration were not significantly different (*P*=0.843, *P*\>0.05) ([Figure 5D and E](#f5-ijn-11-3939){ref-type="fig"}).

The result of hemolysis experiments showed that targeted NBs did not have significant effects on the number or morphology of red blood cells, even though the concentration reached up to 1.0×10^8^/mL. The appearance and number were similar to that of normal saline in the negative control, indicating that targeted NBs did not have an obvious hemolysis function ([Figure 6A--C](#f6-ijn-11-3939){ref-type="fig"}).

In vitro validation of binding between targeted NBs and cells
=============================================================

The binding of targeted and non-targeted NBs to the two types of cells was observed under a light microscope and assayed with flow cytometry. The microscopy showed that targeted NBs attached to the surroundings of PSMA-positive C4-2 cells, while non-targeted NBs predominantly did not attach to C4-2 cells ([Figure 7A and B](#f7-ijn-11-3939){ref-type="fig"}). At the same time, flow cytometry showed that after co-incubation with targeted NBs carrying Cy5.5 dye, the proportion of labeled C4-2 cells was 54.27%±4.20% ([Figure 7C](#f7-ijn-11-3939){ref-type="fig"}). In contrast, there was no obvious attachment of targeted NBs or non-targeted NBs to the surroundings of PSMA-negative PC-3 cells ([Figure 7D and E](#f7-ijn-11-3939){ref-type="fig"}), and the number of labeled PC-3 cells was only 0.50%±0.34% ([Figure 7F](#f7-ijn-11-3939){ref-type="fig"}). Although the black dots in the inner core of PC-3 cells seemed like NBs, they were just some refractive substances in cell nuclei, which could be clearly observed when the microscope was slightly adjusted. So far we have observed no lipid UCA internalization in cancer cells while some studies suggested UCAs could benefit the drug delivery or be internalized into macrophages.[@b26-ijn-11-3939],[@b27-ijn-11-3939]

CEUS and the in vivo fluorescence imaging in the xenograft tumors
-----------------------------------------------------------------

The time-intensity curves of targeted NBs and non-targeted NBs in the two types of prostate cancer xenografts were analyzed, and four parameters (the peak time, peak intensity, half time of peak intensity, and area under the curve of ½ peak intensity) were calculated. The results showed that the peak intensity, half time of peak intensity, and area under the curve of ½ peak intensity were significantly different between targeted NBs and non-targeted NBs (*P*\<0.05), while the peak time did not have a significant difference (*P*\>0.05) in the PSMA-positive C4-2 xenograft. However, there were no ultrasound parameters with a significant difference in the PSMA-negative PC-3 xenograft (*P*\>0.05) ([Figure 8](#f8-ijn-11-3939){ref-type="fig"} and [Table 1](#t1-ijn-11-3939){ref-type="table"}). Fluorescence imaging of live small animals showed that Cy5.5-labeled targeted NBs aggregated in the C4-2 xenograft for a longer time, but there was no significant aggregation in the PC-3 xenograft. These results indicated that targeted NBs could specifically recognize tumors with PSMA expression ([Figure 9](#f9-ijn-11-3939){ref-type="fig"}). Finally, immunohistochemistry further confirmed that the C4-2 prostate cancer xenograft expressed PSMA, while the PC-3 tumor did not express PSMA ([Figure 10](#f10-ijn-11-3939){ref-type="fig"}).

Discussion
==========

Prostate cancer is a malignant tumor, which severely threatens the health of elderly males. Traditional imaging technologies (ultrasound, computed tomography, and magnetic resonance imaging \[MRI\]) do not have very high sensitivity or specificity in the diagnosis of prostate cancer.[@b28-ijn-11-3939] Ultrasound imaging is the conventional method for the screening of prostate diseases, but it has higher missed diagnosis rates in smaller lesions. Although CEUS, in the recent decade, is used as an effective means to increase vascular imaging in tumors, it still lacks specificity in the diagnosis of prostatitis and prostate cancers. The emergence of molecular imaging brings hope for specific imaging of prostate cancer. Some ligands with specific targets can connect with a variety of imaging substances, such as nuclides, UCAs, quantum dots, and magnetic particles, to constitute targeted molecular probes. After intravenous injection, they can specifically bind to molecules expressed on human tissues and cells to achieve molecular imaging of lesioned tissues in vivo.[@b29-ijn-11-3939]--[@b31-ijn-11-3939] PSMA has high levels of specific expression in both androgen-dependent prostate cancer and androgen-independent prostate cancer, and has become a commonly used target in the molecular imaging of prostate cancer. Currently, a variety of ligands against PSMA have been extensively applied in fluorescence imaging, MRI, and molecular nuclear medicine. For example, ^111^In-labeled anti-PSMA monoclonal antibodies have been used in clinical nuclear medicine imaging.[@b32-ijn-11-3939],[@b33-ijn-11-3939] In the ultrasound molecular imaging field, the reported molecular probes are mainly micron-scale UCAs targeting receptors on the vascular endothelia. The most successful of these is the BR55, which targets VEGFR and has been reported in tumor diagnosis and evaluations of anti-vascular therapy.[@b34-ijn-11-3939],[@b35-ijn-11-3939] In the ultrasound molecular imaging of tumor parenchyma, targeted ultrasound microbubbles at the micron scale cannot penetrate tumor blood vessels to enter tumor tissues; therefore, there are fewer relevant studies on the direct specific binding between ultrasound microbubbles and tumor cells to achieve targeted imaging.

To overcome the limitations of the above ultrasound molecular imaging technologies, our previous studies constructed ultrasound NBs carrying anti-PSMA monoclonal antibodies and anti-PSMA nanobodies.[@b12-ijn-11-3939],[@b13-ijn-11-3939] We confirmed that these NBs both had the ability to penetrate tumor blood vessels to enter tumor parenchyma. Compared to non-targeted NBs, these two types of NBs both had a certain value in the targeted diagnosis of prostate cancer xenografts in animals. However, our previous studies also had the following shortcomings. 1) Using the biotin-avidin connection method is not applicable to clinical research. 2) Nanobodies screened from non-immune nanobody phage display libraries have lower affinity (dissociation constant K~D~ =519 nM). The reported PSMA-targeting aptamers have higher affinity and are easy to synthesize and modify. Moreover, few studies about ultrasound lipid NBs to carry them for use as molecular probes were reported in ultrasound molecular imaging.[@b12-ijn-11-3939],[@b13-ijn-11-3939],[@b36-ijn-11-3939] Therefore, this study linked the anti-PSMA aptamer A10-3.2 with ultrasound NBs through the amide reaction, and further established its targeted diagnostic performance in PSMA-positive prostate cancer.

In this study, light microscopy and LSCM results of the NBs with a particle size of 519.4±74.6 nm showed that NBs could enter tissue spaces through vascular gaps in tumors but could not enter myocardial tissue spaces. This result confirmed that the NBs had the ability to penetrate tumor blood vessels to reach tumor parenchyma. This finding was consistent with results in other studies on the penetration ability of nano-scale UCAs, which provided a basis for the entry of targeted NBs carrying aptamers into tumor parenchyma, and thus allowing them to specifically target tumor cells.[@b37-ijn-11-3939],[@b38-ijn-11-3939] In our further study, we will seek a solution to observe the important dynamic process in which NBs enter tumor parenchyma through vascular gaps under live imaging with a fluorescence microscope. On the basis of specific binding between the synthesized A10-3.2 aptamers and PSMA-expressing C4-2 prostate cancer cells in our study, targeted NBs carrying A10-3.2 aptamers were subsequently constructed via the amide reaction successfully. The particle size of these targeted NBs was 576.6±40.2 nm. In vitro experiments in the cell level and in vivo experiments in the xenograft both confirmed that they had the ability to specifically bind to C4-2 cells and specifically aggregate in tumor tissues. Moreover, the results about imaging features showed that targeted NBs had higher peak intensity, longer half time of peak value, and larger area under the curve of ½ peak intensity than non-targeted NBs in C4-2 xenografts. Of all four indicators, the area under the curve reflected the duration that UCAs remained in target xenograft areas and the total amount of UCAs. These differences confirmed that NBs carrying PSMA aptamers bound to specific antigens on the surface of tumor cells, while non-targeted NBs did not specifically bind to target areas. In addition, fluorescence imaging of live small animals further indicated the specific binding of targeted NBs in tumor target areas. It is worth noting that there was no observed fluorescence signal in PC-3 xenograft tumors in small animals, which might have been caused by a combination of reasons, eg, that the blood flow was not rich in PC-3 xenograft tumors, tumors did not express PSMA targets, and the amount of Cy5.5 dye carried by targeted NBs was low.

Therefore, the successfully constructed targeted NBs carrying the A10-3.2 aptamer in this study had the following advantages. 1) The particle size was small. The mean particle diameter of targeted NBs in this study was 576.6 nm, smaller than the 644.3 nm of the NBs carrying monoclonal antibodies in our previous studies. Although the size of previously reported NBs carrying nanobodies was only about 487.6 nm, the screening process for nanobodies (with their strong specificity) was more complicated and difficult. 2) The penetration was strong. They could penetrate blood vessels in tumors to enter tissue spaces in tumors. 3) They had better safety profiles. Lipid substances were used as the outer shell, and fluorocarbon gas was used as the inner core. In addition, targeted NBs were connected using an amide reaction. Regarding material safety, they could be used clinically. 4) They had strong specificity. In vitro and in vivo experiments both confirmed that NBs carrying the anti-PSMA aptamer specifically bound to tumor cells and specifically aggregated in tumor tissues. Currently, there are still no in vivo reports on this type of targeted NB.[@b39-ijn-11-3939]

We will continue in-depth studies on the following subjects and improve the effect of this targeted NB in experimental animals with the goal of clinical translation. 1) The PSMA-positive and -negative cells used with the same in vitro concentrations of the two types of NBs were used for imaging in the mice. Although this setting could avoid wrong conclusions to some extent, using mutant aptamer molecules as the nonsense control and using non-targeted NBs that carry mutant aptamer molecules as the negative control would be more convincing. 2) In order to diagnose prostate cancer in molecular imaging more sufficiently, it is necessary to seek a new target molecule in prostate cancer types with no or few PSMA. Furthermore, the potential of "PSMA-guided" ultrasound diagnostics in prostate cancer will also be faced with other possibilities of PSMA-specific imaging, such as positron emission tomography, MRI, and multimodal imaging. 3) Using small animal ultrasound diagnostic apparatuses with built-in CEUS for detection in small animal experiments can increase the resolution of images to obtain better imaging signals.

Conclusion
==========

In this study, we combined our previous findings with the advantages of the small molecular weight and excellent specificity of aptamers, and then used the safe amide reaction connection method to construct targeted NBs carrying the anti-PSMA aptamer A10-3.2. These were safe and had excellent penetration ability, strong specificity, and potential for clinical translation.[@b39-ijn-11-3939],[@b40-ijn-11-3939] This study can not only provide a basis for ultrasound molecular imaging of prostate cancer, but can also provide methods for constructing targeted ultrasound probes carrying aptamers. In addition, because the aptamer is a gene fragment in itself, it can be intercalated with anthracyclines or can be connected to other gene fragments, which can lay the foundation for future construction of targeted NBs carrying drugs (or genes) in targeted therapy under ultrasound irradiation.[@b41-ijn-11-3939]--[@b44-ijn-11-3939]
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![Abdominal ultrasound imaging before and after nanobubble injection.\
**Notes:** (**A**) B-type ultrasound image of the abdominal section of a mouse before nanobubble injection. (**B**) Abdominal CDFI before nanobubble injection. (**C**) Gray-scale CEUS of the kidney and abdominal blood vessels in a mouse after nanobubble injection. (**D**) Abdominal CDFI after nanobubble injection.\
**Abbreviations:** CDFI, color Doppler blood flow imaging; CEUS, contrast-enhanced ultrasound.](ijn-11-3939Fig1){#f1-ijn-11-3939}

![The distribution of nanobubbles in HE-stained frozen sections of myocardial tissues and tumor tissues.\
**Notes:** (**A**) HE-stained frozen section of normal saline-perfused myocardial tissues. (**B**) HE-stained frozen sections of normal saline-perfused tumor tissues. Black arrows indicate the locations of nanobubbles.\
**Abbreviation:** HE, hematoxylin-eosin.](ijn-11-3939Fig2){#f2-ijn-11-3939}

![Distribution of nanobubbles in frozen sections of myocardial tissues and tumor tissues using laser scanning confocal microscopy.\
**Notes:** (**A**--**C**) Indicate myocardial tissues and (**D**--**F**) indicate tumor tissues after being injected with Dil-labeled nanobubbles and perfused with normal saline, respectively. Blue fluorescence indicates cell nuclei, and red fluorescence indicates DiI-labeled nanobubbles.](ijn-11-3939Fig3){#f3-ijn-11-3939}

![The specificity of the A10-3.2 aptamer in cells.\
**Notes:** (**A**, **F**) Detection of PSMA expression in C4-2 and PC-3 cells using anti-PSMA monoclonal antibody and FITC-labeled IgG secondary antibody by indirect immunofluorescence. (**B**, **G**) Detection of binding between the Cy5.5-labeled A10-3.2 aptamer and C4-2 and PC-3 cells using direct immunofluorescence. (**C**, **H**) DAPI-stained cell nuclei. (**D**, **I**) Merged fluorescence images. (**E**, **J**) Detection of binding efficiencies between the Cy5.5-labeled A10-3.2 aptamer and two types of cells using FACS.\
**Abbreviations:** PSMA, prostate specific membrane antigen; FITC, fluorescein isothiocyanate; FACS, fluorescence activated cell sorting; DAPI, 4′,6-diamidino-2-phenylindole.](ijn-11-3939Fig4){#f4-ijn-11-3939}

![Identification of the targeting capacity and in vitro imaging of nanobubbles.\
**Notes:** (**A**) Electrophoresis of A10-3.2 aptamers, materials from non-targeted nanobubbles and targeted nanobubbles in 3% agarose gel. The black arrow indicates the band location of A10-3.2 aptamers, and the white arrow indicates the band location of A10-3.2 aptamers linked with the lipid molecules from burst targeted nanobubbles. (**B**, **C**) Observation of targeted nanobubbles under an LSCM. (**D**, **E**) In vitro imaging at different concentrations of targeted nanobubbles and non-targeted nanobubbles under CEUS mode.\
**Abbreviations:** NB, nanobubble; CEUS, contrast-enhanced ultrasound; LSCM, laser scanning confocal microscope.](ijn-11-3939Fig5){#f5-ijn-11-3939}

![In vitro hemolysis study of targeted nanobubbles (**A**), normal saline (**B**), and distilled water (**C**).\
**Notes:** (**A**--**C**) Changes in the number of red blood cells after co-incubation with 1×10^8^/mL targeted nanobubbles, normal saline (negative control), and distilled water (positive control).](ijn-11-3939Fig6){#f6-ijn-11-3939}

![The condition of in vitro binding between nanobubbles and cells.\
**Notes:** (**A**, **D**) The condition of binding between non-targeted nanobubbles and two types of cells (C4-2 cells and PC-3 cells). (**B**, **E**) The condition of binding between targeted nanobubbles and two types of cells. (**C**, **F**) Detection of binding between targeted nanobubbles carrying the Cy5.5-labeled A10-3.2 aptamer and the two types of cells using flow cytometry. Black arrows indicate nanobubbles under the microscope.\
**Abbreviations:** NB, nanobubble; FACS, fluorescence activated cell sorting.](ijn-11-3939Fig7){#f7-ijn-11-3939}

![Ultrasound imaging under CEUS mode of targeted nanobubbles and non-targeted nanobubbles in xenograft tumors.\
**Notes:** (**A**) Ultrasound images of non-targeted nanobubbles and nanobubbles in two types of xenograft tumors at the peak. (**B**) Time-intensity curves of two types of nanobubbles in two xenograft tumors. Green circles indicate the regions of xenograft tumors and white arrows indicate different echo areas in two injections.\
**Abbreviations:** NB, nanobubble; CEUS, contrast-enhanced ultrasound; TIC, time-intensity curve.](ijn-11-3939Fig8){#f8-ijn-11-3939}

![Changes in fluorescence intensity of Cy5.5-labeled targeted nanobubbles in two types of xenograft tumors over time (0 seconds, 5 seconds, 10 seconds, 30 seconds, 60 seconds, and 300 seconds).\
**Note:** Blue circles indicate areas of two xenograft tumors.\
**Abbreviation:** s, seconds.](ijn-11-3939Fig9){#f9-ijn-11-3939}

![Expression of PSMA in two types of xenograft tumors.\
**Notes:** (**A**) Immunohistochemistry on a paraffin section of the PC-3 xenograft tumor. (**B**) Immunohistochemistry on a paraffin section of a C4-2 xenograft tumor. The yellow-brown areas indicate positive PSMA expression.\
**Abbreviation:** PSMA, prostate specific membrane antigen.](ijn-11-3939Fig10){#f10-ijn-11-3939}

###### 

Ultrasound parameters of targeted nanobubbles and non-targeted nanobubbles in prostate cancer xenografts

  Ultrasound parameters       Peak time/s   Peak intensity/dB                                        Half time/s                                                 AUC of ½ peak intensity (dB⋅s)
  --------------------------- ------------- -------------------------------------------------------- ----------------------------------------------------------- -------------------------------------------------------------
  C4-2 xenograft tumor                                                                                                                                           
   Targeted nanobubbles       16.91±2.64    19.48±2.59[\*](#tfn1-ijn-11-3939){ref-type="table-fn"}   862.53±143.83[\*](#tfn1-ijn-11-3939){ref-type="table-fn"}   1,978.60±370.21[\*](#tfn1-ijn-11-3939){ref-type="table-fn"}
   Non-targeted nanobubbles   16.81±4.53    16.86±2.64                                               347.69±74.86                                                795.60±115.41
  PC-3 xenograft tumor                                                                                                                                           
   Targeted nanobubbles       25.72±3.24    15.70±3.04                                               541.97±111.90                                               1,491.20±215.36
   Non-targeted nanobubbles   25.60±2.98    15.83±3.22                                               520.20±117.44                                               1,507.60±269.33

**Notes:**

Compared with the same indicator from non-targeted nanobubbles, *P*\<0.05. Data are presented as mean ± standard deviation.

**Abbreviation:** AUC, area under the curve.
